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COVID-19 is a serious pathological condition with an estimated reproductive number in the range of 2.2--3.5 \[[@CR1]\] and highly infectious respiratory syndrome, including pneumonia-like symptoms. The recently discovered SARS-CoV-2 is an extremely pathogenic virus \[[@CR2]\]. Structurally, it is spherical and contains proteins in the form of spikes on its surface. These viruses contain positive sense single-stranded RNAs as their genome \[[@CR3]\]. COVID-19 was declared as a pandemic by the World Health Organization (WHO) on 11th March 2020 due to its effect on the population worldwide \[[@CR4]\]. As of 23rd July 2020, 1,47,65,256 have been confirmed to have this particular infection worldwide \[[@CR4]\].

As the world is dealing with this pandemic, patients with other health ailments such as diabetes, hypertension, cancer, Parkinson's disease, and stroke are at a greater risk of getting infected with SARS-CoV-2 when compared with similar-aged neurologically healthy adults. Among all the stroke cases, IS contributes to 80--85% of all cases globally \[[@CR5]\]. It has been reported that lung infection is very common in IS patients, which, in turn, contributes to the high mortality rates \[[@CR6]\]. Additionally, the immunological response and presence of the RAS considerably affect pulmonary immunity in the pathophysiology of IS as RAS is also present in pulmonary alveolar cells \[[@CR5], [@CR7], [@CR8]\]. Recent reports have indicated that these related immunological responses are also encountered in the lungs of SARS-CoV-2-infected patients \[[@CR4]\].

Based on the available knowledge and evidence regarding COVID-19 and stroke, we, therefore, attempt to present a consolidated review reflecting a degree of risk of getting infected with SARS-CoV-2 among stroke patients as well as the possible chances of stroke along with SARS-CoV-2 in infected individuals.

Coronaviruses and Neurological Disorders {#Sec2}
----------------------------------------

In 1960, CoVs were discovered and classified under the family of *Coronaviridae* \[[@CR3]\]*.* CoVs are further classified into two categories. The first category of CoVs comprises avian infectious bronchitis virus (IBV), transmissible gastroenteritis virus (TGEV), and porcine epidemic diarrhea virus (PEDV), which are the cause of the origin of in animals \[[@CR3]\]. The second category includes CoVs, which can infect humans, and these CoVs have evolved rapidly due to their easy spread through human-to-human transmission. Some human CoVs discovered so far are severe acute respiratory syndrome-CoV (SARS-CoV) in 2002, HCoV-NL63 in 2004, HCoV-HKU1 in 2005, Middle East Respiratory Syndrome-CoV (MERS-CoV) in 2012, and the novel SARS-CoV-2 in 2019 \[[@CR9], [@CR10]\]. The SARS-CoV in 2002 resulted in 774 deaths out of 8098 cases (\~ 10% fatality) over 9 months, while MARS-CoV discovered in 2012 led to 862 deaths out of 2506 infections (\~ 35% fatality) till January 2020 \[[@CR3]\]. Recently discovered SARS-CoV-2 has the lowest fatality rate (\~ 3--4%), however, its human-to-human transmission is much easier when compared with the other CoVs. The easy human-to-human transmission has led to this becoming a global pandemic in a relatively short duration.

The human CoVs are not only responsible for respiratory infections, but they also induce other severe neurological disorders among infected patients. A case report by Lau et al. \[[@CR11]\] identified a central nervous system infection in a 32-year-old SARS-CoV patient. Specifically, the patient's cerebrospinal fluid contained traces of SARS-CoV \[[@CR11]\]. Various studies have also elucidated the association between MERS-CoV and neurological damage, subsequently causing intracranial hemorrhage \[[@CR12]\], presence of virus titers in the thalamus, brainstem causing brain tissue damage \[[@CR13]\], and severe neurological symptoms including stroke and encephalomyelitis among infected individuals \[[@CR14]\].

The pandemic has rapidly spread across the globe after its origin in Wuhan, China, and most severely affecting countries including the United States of America, Italy, France, Germany, Spain, and Iran \[[@CR9]\]. According to the weekly surveillance report of WHO from 29 June to 5 July 2020, 1,99,988 deaths have been reported in the European region. While 22% of the total deaths have occurred in the United Kingdom, countries like Italy, and Spain recorded 17% and 14% of total deaths, respectively \[[@CR15]\]. It is important to note that 95% of the total individuals who died due to COVID-19 in Italy and Spain were reported to have pre-existing health conditions. Major contributions to COVID deaths (66%) were made by different cardiovascular disorders such as hypertension, heart attack, stroke, and other ailments, including diabetes, renal diseases, lung diseases, cancer, and neurological disorders. Another report confirmed that 9.6% of deaths among COVID-infected patients in Italy were associated with stroke-related complications \[[@CR16]\]. As reported on 22nd July 2020 by the WHO, a total of 1,40,437 deaths have been reported in the United States of America, with approximately 4.04 million total SARS-CoV-2-infected patients \[[@CR17]\]. The American Heart Association, in their guidelines, reported that 5.9% of total deaths were due to stroke-related complications following COVID-19 infections \[[@CR18]\]. Additionally, a recent retrospective study in a New York Healthcare System also found a 7.5-fold higher rate of IS among COVID-19 patients when compared with influenza \[[@CR19]\].

Further, a recent report from Wuhan, China, has elucidated the fact that 36% of total COVID-infected patients suffered from neurological symptoms, and 5.9% of such cases were observed to induce stroke among the SARS-CoV-2-infected patients \[[@CR20]\]. Moreover, Li et al. (2020), in their single-center retrospective study, found that 4.6% of COVID-19-infected patients developed acute IS, and older patients with comorbidity are more prone to develop cerebrovascular disease \[[@CR21]\]. Aging is the non-modifiable risk factor for IS as well as SARS-CoV-2 infection. It has been observed that patients with ≥ 65 years are projected to develop IS and COVID infection \[[@CR22], [@CR23]\].

The treatment regime of COVID-19 has been observed in terms of possible benefits with the use of anti-stroke medications. The tissue plasminogen activator drug, such as Activase, is being considered as a potential therapy for SARS-CoV-2 by the pharma experts \[[@CR24]\]. At present, no detrimental effects of anti-stroke drugs have been observed so far among the COVID-infected patients. Similarly, the antithrombotic effects of hydroxychloroquine have also been reported in several studies \[[@CR25], [@CR26]\]. In conclusion, the existing evidence suggests that there could be possible molecular links between SARS-CoV-2 pathogenesis and stroke.

Renin-Angiotensin System and Risk of Ischemic Stroke {#Sec3}
----------------------------------------------------

RAS is accountable for the regulation of blood pressure, fluid, and electrolyte balance within the brain by upholding the homeostasis along with other involuntary functions \[[@CR27]\]. The blood-brain barrier (BBB) physically separates the brain RAS from the peripheral tissues RAS. Within the brain RAS, all the components of classical RAS are synthesized, also known as the RAS element axis \[[@CR28]\]. The axis specifically includes ACE-Ang II-AT~1~R. Previous literature has reflected that the RAS element axis has been recognized to exhibit harmful events in the pathophysiology of IS \[[@CR29]\].

The conventional pathway of RAS consists of two-step enzymatic processes. These include the cleavage of hepatic protein angiotensinogen by aspartyl protease renin to form Ang I, followed by the ACE-mediated hydrolysis of Ang I into Ang II. A meta-analysis of 47,000 subjects reflected that ACE insertion/deletion polymorphism might be a vulnerable hereditary factor for the IS \[[@CR30]\]. Several studies have proved that the interaction of newly formed Ang II with its receptor (i.e., AT~1~R) is involved in a high risk of thrombosis \[[@CR5], [@CR29]\]. The other pathological conditions promoted by Ang II are atherosclerosis and endothelial dysfunction, thus escalating the overall menace of IS. The ischemic insult is typically followed by increased oxidative stress and decreased perfusion in the ischemic zone due to Ang II through AT~1~R along with induction in the inflammatory response \[[@CR28], [@CR31]\]. Taken together, over-activation of this conventional RAS pathway in the brain results in an amplified activity of the SNS and cardiovascular diseases, which ultimately enhance the risk for IS \[[@CR27]\].

Recently, studies have revealed that the new RAS factors play counterpart roles in the pathophysiology of IS. This new axis of RAS in the brain comprises the human homolog of ACE, ACE2, Ang-(1--7), and Mas \[[@CR28]\]. Physiologically, ACE2 mediates the hydrolysis of Ang II for the formation of Ang-(1--7), a recognized ligand for the Mas receptor. Following ischemic injury, the activation of the ACE2-Ang-(1--7)-Mas axis has been reported to have antithrombotic, anti-oxidative, and anti-inflammatory effects \[[@CR5]\]. In comparison with Ang II, Ang-(1--7) is found to be neuroprotective. According to a study, the elevated levels of Ang-(1--7) can suppress the increased level of iNOS as well as proinflammatory cytokines in the ischemic hemisphere, thereby reflecting its neuroprotective effect \[[@CR32]\].

In summary, the brain RAS exerts a decisive role in the pathogenic events of IS. In the ischemic penumbra, there will be inflammatory insults due to the activation of the brain RAS, which results in the progression of the immunological pathway.

Immunological Response to Ischemic Stroke and Its Cross-talk with Pulmonary Infection {#Sec4}
-------------------------------------------------------------------------------------

During IS, the over-activation of AT~1~R signaling results in excitotoxicity. This, in turn, causes the release of glutamate stored in nerve cells in an extracellular matrix along with the generation of ROS and free radicals like NO. Due to these changes, the oxidative stress in the ischemic tissue is increased, which allows the BBB to become profoundly permeable \[[@CR33]\], facilitating the influx of neutrophils and T cells in the ischemic region. Additionally, the increase of extracellular ATP results in the activation of microglia cells, which further activates the release of proinflammatory cytokines such as TNF-α, interleukins IL-1β, and IL-6 \[[@CR34]\]. In ischemic tissue, these inflammatory cytokines further activate the apoptotic cascade resulting in severe cell death, inflammatory response, and rise of adhesion molecules on brain endothelial cells. All of these events result in leukocyte infiltration and subsequently cause sepsis and neurotoxicity. Along with these cytokines, IL-10 also has a critical role in the pathogenesis of IS \[[@CR7]\]. Consequently, these indispensable inflammatory players become one of the possible therapeutic targets and biomarkers for IS \[[@CR35]\].

Generally, in stroke, each cytokine has its response to the affected brain tissue. Elevated levels of IL-6 are associated with worsening of neurological symptoms, increased infarct volume, and poor stroke outcomes. IL-6 is also accountable for the release of prostaglandin E2 in the brain. This results in the activation of the hypothalamus ensuing in increased body temperature, which affects the infarct size, enhancement of inflammatory risk, and tissue damage following stroke \[[@CR36]\]. Likewise, the upregulation of IL-1β is known to generate neurotoxicity in ischemic penumbra \[[@CR7]\]. Various studies have demonstrated that increased levels of TNF-α are associated with neurotoxicity in blood serum and cerebrospinal fluid. However, there is contradictory literature that questions the association of TNF-α levels, increased infarct size, and deprived stroke results \[[@CR7], [@CR37]\]. After a stroke, the downregulation of IL-10 leads to increased infarct size, demonstrating the significance of IL-10 in the reduction of inflammatory response. Post-stroke, the increased levels of IL-10 reduce the activation of TNF-α, therefore, diminishing the infarct progression \[[@CR7], [@CR35]\].

The post-ischemic inflammation cascade is a multi-component process that involves chemoattractant, known as chemokines. Chemokines are the components of a superfamily of structurally related proinflammatory peptides that are involved in leukocyte infiltration into the inflammation site \[[@CR38]\]. During ischemic insult, there is a release of chemokines CCL2 and CXCL10 in large amount. In the ischemic tissue, these chemokines are involved in leukocyte recruitment as well as disturbance of the BBB and leukocyte union to endothelial cells \[[@CR39]\]. The expression of chemokines is directly proportional to the infarct size and advancement of IS. According to a study conducted by Dimitrijevic et al. \[[@CR38]\] stroke progression was attenuated in the mice devoid of the chemokine receptor, CCR2 \[[@CR38]\]. The levels of CCL2 and CXCL10 were higher in IS patients in comparison with healthy patients when evaluated in a clinical setup \[[@CR40]\].

Therefore, cytokines like IL-6, IL-1β, TNF-α, IL-10, and chemokines CCL2, and CXCL10 play a critical role in the progression and protection of IS. The extent of activation of the inflammatory cascade determines the succession or failure of stroke outcomes. One of the major pathological features of post-ischemic immunosuppression is a higher risk of pulmonary infections. Pulmonary infections, in turn, constitute the foremost acquisition event for stroke-associated pneumonia (SAP). SAP is often the main reason for mortality in severe IS subjects \[[@CR6]\]. With the advancement of stroke complexity, local, as well as systemic immunological responses, may get triggered. A study conducted by Samary et al. \[[@CR41]\] reported that focal IS strongly suppresses the phagocytic capability of alveolar macrophage, ensuing severe lung deterioration, and upregulation of IL-6 \[[@CR41]\]. During IS, the maleficent cycle of brain-lung inflammation is observed. As described by Winklewski et al. \[[@CR8]\] the SNS contributes to immunosuppression in this condition, which, in turn, increases the alveolar permeability and activates a local inflammatory response in the lungs and subsequently leads to lung infections \[[@CR8]\]. It is important to note that, overall, there is a paucity of literature describing the mechanism of the immune cells and their role in pulmonary immunity in IS.

The available evidence implicates the strong relationships between inflammatory responses during and after IS as well as the pulmonary health of humans. A comprehensive network of cross-talk between immunological reaction in stroke and alveolar macrophages exists, which ultimately influences the pulmonary functions. All of this also demonstrates a high-risk factor among IS patients for the advancement of different lung infections, including the current pandemic created by SARS-CoV-2.

Cross-talk Between COVID-19 and Ischemic Stroke {#Sec5}
-----------------------------------------------

COVID-19 or novel coronavirus infection is highly dependent on the vulnerability of the host immunological responses. SARS-CoV-2 binds with the cell surface receptor protein ACE2 (Fig. [1](#Fig1){ref-type="fig"}). When there is SARS-CoV-2 infection, ACE2 gets down-regulated, which in turn, overexpresses Ang II and consequently activates AT~1~R signaling \[[@CR42], [@CR43]\]. This results in pulmonary permeability and unwarranted lung damage. Due to the SARS-CoV-2 mechanistic entry, the risk for COVID-19 infection increases due to the genetic propensity of ACE2 polymorphism and is subsequently associated with hypertension, diabetes mellitus, and IS \[[@CR44]\].Fig. 1Mechanistic overview of replication and pathophysiology of COVID-19. SARS-CoV-2 gets transmitted via faecal or droplet infection. Left panel: SARS-CoV-2 replicate in type II alveoli where it binds to the ACE2 receptor. By the process of transcription and translation, the single-stranded RNA of the SARS-CoV2 virus makes multiple copies with the help of host genetic material. Right panel: multiple copies of SARS-CoV2 deteriorate the alveoli initializing the inflammatory cascades comprising interleukins and neutrophils. Activated interleukins act upon hypothalamus in the *brain*, affecting prostaglandins release, which is responsible for fever. Overactivation of interleukins increases the capillary permeability of alveoli, resulting in alveolar edema. Consequently, hypoxemia occurs with shortness of breath, affecting *lung* output. In this sequel, the partial pressure of oxygen decreases, affecting the heart rate and respiratory rate. When the infection remains unchecked, further inflammation severely affects the *heart*, which influences the blood supply to *kidneys* and *liver* distressing their functioning. Excessive inflammation generates an imprudent amount of reactive oxygen species that rigorously affect the *gastric* cavity. Collectively, the SARS-CoV-2 infection leads to multi-organ failure that may even lead to death. SIRS-systemic inflammatory response syndrome; RDRP-RNA-dependent RNA polymerase; Rib-Ribosome; BUN-Blood Urea Nitrogen; ALT-Alanine Transaminase; AST-Aspartate Aminotransferase; CRP-C-Reactive Protein; ROS-Reactive Oxygen Species; ↓ decrease; ↑ increase

Structurally, coronavirus contains a positive sense single-stranded RNA genome with the help of which they replicate, transcribe, and translate in the host cells and make multiple copies \[[@CR45]\]. With the entry in the host cell, their viral single-stranded RNA moves freely into the host cytoplasm, initiating the translation process of two polyproteins, ensuing transcription of sub-genomic RNAs, and viral genome replication \[[@CR4]\]. As the number of viral copies increases, the upregulation of proinflammatory cytokines and chemokines results in a condition called cytokine release syndrome \[[@CR46]\]. Clinically, such type of hyperimmune alterations is responsible for acute respiratory distress syndrome, comprising difficulty in breathing, cough, and pulmonary involvement in COVID patients. Generally, the most severe COVID infections have been identified with elevated levels of cytokines (IL-1β, IL-6, IL-10, IL-2, IL-7, IL-8, and TNF-α) and chemokines CXCL10 and CCL2 \[[@CR47]\]. Such a pulmonary immune response is the probable influencer of COVID-19 infection among IS patients or vice versa.

According to a recent report, COVID-19 is associated with hemorrhagic lesions in the thalamus and medial temporal lobe. The study also pointed out that the acute necrotizing encephalopathy in the patients can lead to BBB disruption \[[@CR48], [@CR49]\]. Pleasure et al. \[[@CR50]\] also found that neurological symptoms such as stroke and depression were very common among severely affected COVID patients \[[@CR50]\]. Another case study by Wang et al. \[[@CR51]\] highlighted the effectiveness of tissue plasminogen activator administration, also used in the treatment of IS, to COVID-19 patients suffering from acute respiratory distress syndrome and respiratory failure \[[@CR51]\]. Since the available evidence reflects the strong brain-lung interaction and immunological cross-talk among the two systems, the risk of COVID-19 infection among stroke patients, as well as the risk of stroke in COVID-19 patients, may be quite high (Fig. [2](#Fig2){ref-type="fig"}). Overall, although there is currently limited existing literature to elaborate the mechanism of the interplay of stroke and risk of pulmonary immunity damage, the available literature does suggest a high risk of being afflicted with COVID-19 among IS patients.Fig. 2Schematic diagram illustrating the role of RAS in cross-talk between ischemic stroke and SARS-CoV-2 infection. The brain RAS is regulator of physiological homeostasis and cerebrovascular disorders such as IS. Classical RAS elements include ACE, Ang II, and AT~1~R. Angiotensinogen is hydrolyzed to Ang I by the aspartyl protease renin enzyme. Furthermore, ACE hydrolyzes the Ang I into Ang II. The interaction of newly formed Ang II with AT~1~R increases the risk of ischemic stroke as it results in an enhanced risk of thrombosis. On the other hand, the newly found RAS pathway exhibits the hydrolysis of Ang II in the presence of ACE2 to Ang-(1--7), which acts as a ligand for the Mas receptor. This new axis has anti-oxidative, anti-inflammatory, and antithrombotic activity, thus decreasing the risk of ischemic stroke. The binding of SARS-CoV-2 with ACE2 receptor in lungs leads to the downregulation of ACE2 expression, which further results in accumulation in Ang II, thus activating the AT~1~R pathway and increased risk of IS. AT~1~R pathway activation leads to excitotoxicity, immunosuppression, neuroinflammation, and oxidative stress, finally resulting in acute lung injury. A secondary cascade is also activated due to excitotoxicity which results in the release of stored glutamate in brain cells, thus disrupting the BBB and allowing easy access of SARS-CoV-2 in brain. Breakdown of BBB also increases the intracranial pressure resulting in activation of SNS, hypoxia, capillary leakage, neurogenic pulmonary edema, and finally acute lung injury. Excitotoxicity is a crucial link between COVID-19 and IS, as incidence of IS also results in excitotoxicity and breakdown of BBB, resulting in higher risk of comorbidity. ↓ Decrease; ↑ Increase

Conclusion {#Sec6}
==========

The current COVID-19 outbreak represents a medical crisis that is unavoidably distressing the management of pre-existing complex conditions such as IS. As the pathophysiology of stroke comprises severe inflammation, stroke patients are more prone to higher infection risk than the general population. Both IS and COVID-19 have certain common molecular factors, as described (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). This cross-talk significantly exhibits as a high-risk contributor to COVID-19 infection among stroke patients and induction of IS among COVID-19 patients. Thus, it is important to identify the factors that can help reduce the patient burden, poor quality of life, and possible complications.Table 1List of key molecular players involved in COVID-19 infection and Ischemic Stroke. ↓ Downregulated; ↑ UpregulatedCOVID-19Ischemic StrokeReferencesRenin-Angiotensin System Expression  ACE2Cell surface receptor for SARS-CoV-2 in host; SARS-CoV-2 spike proteins binds to ACE2 in alveolar cells↑ decreases the chances of ischemic damage↓ increases the chances of ischemic stroke5,28,42,43  AT~1~R signaling↑ during COVID-19 infection↑ produce neurotoxic effects28,42,43Immunological Response:1. Cytokine expression  IL-1β↑ in lungs↑ in ischemic region4,7,34  IL-6↑ in lungs↑ in ischemic region34,36,47  IL-10↑ in lungs↑ in ischemic region4,7,34  TNF-α↑ in lungs↑ in ischemic region34,37,472. Chemokine expression  CCL2↑ in lungs↑ in ischemic region38,39,47  CXCL10↑ in lungs↑ in ischemic region38,39,47Table 2Similarities in COVID-19 infection and Ischemic StrokeCOVID-19Ischemic StrokeReferencesFeverPresentSometimes present4,7Lung infectionPresentPossibility of development4,8ACE2 expressionDownregulatedUpregulated for neuroprotection5,42,43AT~1~R signalingUpregulatedUpregulation produce neurotoxicity28,31,43Cytokine expression (IL-1β, IL-6, IL-10, TNF-α etc.)UpregulatedUpregulated4,7Chemokine expression (CCL2, CXCL10)UpregulatedUpregulated4,7
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